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In 1991 the West Midlands Pulmonary Function Audit Group examined the consistency between pulmonary 
function laboratories in the West Midlands. Three healthy subjects visited 22 centres and performed a standard set 
of pulmonary function tests. Demographic data on nine hypothetical subjects was also supplied for the laboratories 
to produce predicted values. Equipment was checked for accuracy using standard methods. 
The 1991 audit revealed significant inter-laboratory variability. Sources of error were identified and after 
consultation, recommendations were made to improve consistency. In addition, national and regional training 
workshops were organized for laboratory staff. 
In 1995 the audit was repeated using the same three subjects. Significant differences continued for all predicted 
results except for residual volume (RV) and forced vital capacity (FVC) and for all measured results except for 
functional residual capacity (FRC). However, improvements in the coefficient of variation were seen compared with 
1991 for predicted forced expiratory volume (FEV,), total lung capacity (TLC), gas transfer (TrCO), FVC, FRC 
and RV. Similar improvements were seen in measured results for FEV, and FVC. Increased variation was seen for 
predicted corrected transfer factor (KCO) and actual RV. The majority of variables in the 1995 audit had a 
coefficient of variation of less than 5% between laboratories. 
Analysis of the predicted results from the hypothetical subjects continued to show unacceptable variation 
reflecting continuing computer algorithm inconsistency. 
The improvements seen are encouraging and suggest that a regular audit programme is worthwhile. 
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Introduction 
Pulmonary function testing is an integral part of the 
investigation, diagnosis, assessment and follow-up of 
patients with respiratory pathology. European, North 
American and British guidelines have been published (l-6) 
in order to standardize procedures. 
Several studies have recommended that laboratory per- 
sonnel could be used as healthy subjects to develop quality 
assurance programmes (7.8). 
In 1991 the West Midlands Respiratory Function Audit 
Group performed a study in which three healthy subjects 
visited all 22 respiratory laboratories across the West 
Midlands and performed a standard set of lung function 
studies, including spirometry, lung volumes and gas trans- 
fer analyses (9). Significant inter-laboratory variation was 
seen for all measured values and all predicted values except 
TLC. 
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Demographic data on nine hypothetical subjects were 
circulated to the participating centres. Significant variation 
occurred for all predicted lung function variables. 
Analysis of the data revealed many possible reasons for 
these inter-laboratory differences, including; 
Normal diurnal variation 
Inconsistent methodology used in the measurement of 
height (e.g. shoes removed or not) 
Procedural anomalies (e.g. the use of nose clips while 
performing the tests) 
Variation in reference value sources and equations 
Inconsistent use of correction factors for ethnic groups 
Failure to maintain and calibrate the equipment 
regularly 
Intrinsic hardware and software differences 
In an attempt to improve inter-laboratory consistency, a 
working group was set up. National guidelines (6) with 
additional local modifications were circulated to the respir- 
atory laboratories involved in the initial audit. The main 
local modification was that ethnic correction should not be 
employed for FEV,, FVC and TLC. This was due to the 
large variation in predicted values seen for Asian subjects 
in the initial audit and our belief that a standard 10% 
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correction may not apply to all ethnic groups, particularly 
those of mixed racial origins. 
Regional and national training days were organized in 
conjunction with the British Thoracic Society (BTS) and 
the Association of Respiratory Technicians and Physiolo- 
gists (ARTP). Meetings were held with equipment manu- 
facturers to identify and correct hardware and software 
inconsistencies. 
In 1995 the audit was repeated to determine whether 
any of the interventions had improved inter-laboratory 
consistency. 
Subjects and Methods 
All laboratories produced predicted values for the same 
nine hypothetical subjects used in 1991. 
Several months later, all laboratories were visited and the 
equipment tested for accuracy (see below). 
The same three healthy subjects repeated the audit in 
1995: a 44-year-old Caucasian female (subject A), a 
34-year-old Asian male (subject B) and a 46-year-old 
Caucasian male (subject C). None of the subjects had any 
significant past medical history or respiratory symptoms. 
Each subject had predicted values calculated from their age 
and height before performing a set of pulmonary function 
tests in every laboratory. A questionnaire was completed 
regarding the technicians’ experience, protocols used and 
equipment details. 
Results 
LABORATORY STAFF CHARACTERISTICS 
The grades of the technicians performing the lung function 
testing were similar to 1991. Experience of the technicians 
ranged from 1 to 26 yr (mean 8.8 yr compared with 9.0 yr in 
1991). Twenty-one centres (95%) had received National 
guidelines and 18 (82%) local guidelines. Eight (36%) had 
attended a local training programme and 17 (77%), a 
national training programme. 
Only four (18%) of the technicians had received formal 
training by the manufacturers on the equipment that they 
were using daily. 
ments were performed correctly with shoes removed in 19 
centres (12 in 1991). Resulting readings for our subjects 
showed a variation in height of up to 6 cm, which is greater 
than that seen in 1991 (5 cm). 
Height scale accuracy was tested using a 160 cm wooden 
rod. Recorded measurements varied from 159.5 cm to 
161.1 cm. This suggests that the majority of variation in 
height measurement for our subjects was due to measure- 
ment technique. 
The accurate measurement of height is vital for calculat- 
ing predicted values. The maximum variation of 6 cm seen 
in this audit would result in large differences in the pre- 
dicted values obtained (e.g. when applied to TLC in a 
man measuring 170 cm vs. a man measuring 176 cm, the 
difference in volume would be 480 ml (7%)). 
Correction for BTPS (body temperature and pressure, 
saturated with water vapour) was inconsistent and often 
inaccurate. In three centres the barometer was broken, two 
centres telephoned the Meteorological Office and one centre 
always used 760 mmHg and 20°C. 
Data was not collected on test technique (e.g. posture, 
nose clips, rest periods, encouragement). 
Reporting criteria differed between laboratories. Only six 
departments correctly selected the best FEV,, best FVC 
and best peak expiratory flow (PEF) regardless of which 
flow-volume loop they were obtained from (6). For nC0, 
18 departments correctly reported the mean of two or more 
estimations whereas the remainder reported the best of two 
or three tests (6). 
PULMONARY FUNCTION EQUIPMENT 
Spirowhy 
Spirometry volume accuracy was checked using a 7 1 
syringe. Five litres were emptied over 3 s. The mean 
(standard deviation) volume at ATPS obtained for all 
departments was 5.09 (0.08) 1. This equates to a coefficient 
of variation (parametric) of 1.6% . The breakdown of these 
results by spirometer type is shown in Table 1. 
Lung volumes 
REFERENCE VALUES 
For predicted values, 21 (95%) laboratories claimed to use 
the BTS/ARTP recommended equations (6) based on 
European Coal and Steel (1). This compared with 15 (68%) 
in 1991. One laboratory used Knudson. 
Twenty-one departments measured lung volumes by helium 
dilution and one used nitrogen washout. 
FRC estimations were checked in 21 laboratories again 
by using the 7 1 calibrating syringe. FRC was set at 3 1 and 
tidal breathing to a volume of 1 1 was simulated. The results 
are shown in Table 2. 
Eight laboratories routinely corrected for ethnic 
differences. 
Gas tmnsfev 
Methodology 
Height was measured in 20 centres (17 in 1991), asked in 
one centre and not specified in one centre. These measure- 
All departments used the single breath technique using 
carbon monoxide to determine gas transfer. We were able 
to test 14 machines using a gas mixture with known 
concentrations of helium and carbon monoxide. In general 
the gas analysis was accurate (Table 3). 
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TABLE 1. Volume reported at ATPS from emptying 5 1 from a 7 1 calibration syringe over 3 s 
Spirometer 
Number 
of centres 
Mean volume 
reported at ATPS 
Standard 
deviation 
Coefficient 
of variation 
Wedge belllows 2 
Rolling seal 12 
Water seal 1 
Flow sensor 7 
Combined 22 
5.13 0.04 
5.07 0.07 
5.0 n.a. 
5.13 0.10 
5.09 0.08 
0.78% 
1.38% 
n.a. 
1.95% 
1.57% 
na., Not applicable. 
TABLE 2. Volume accuracy by dilution techniques using a 
calibrating syringe simulating an FRC manoeuvre (FRC- 
3 1, TLC-7 1) 
Mean 
volume 
(1) SD 
Coefficient 
of 
variation 
FRC 3.11 0.16 51% 
TLC 7.15 0.22 3.0% 
PREDICTED RESULTS FROM HYPOTHETICAL 
SUBJECTS (FIG. 1) 
By supplying sets of hypothetical data to the laboratories, 
measurement error is removed from the generation of 
predicted values, 
Replies were received from 19 laboratories. The 
laboratory using Knudson was excluded from the analysis. 
As all the remaining laboratories claimed to be using the 
same BTS reference equations then one would expect 
exactly the same results. 
The results for the two children (subjects A and B) 
showed little consistency with the BTS predicted values. 
This may reflect differing reference sources and rounding 
up/down of ages. ECCS does not predict results for children 
and no guidelines were given after the initial audit on which 
reference sources to use. 
The remainder of the results are displayed in Fig. 1 as the 
percentage of laboratories giving values consistent (within 
1%) with the BTSlARTP value for each of the hypothetical 
subjects. 
TLC was the most consistent variable reflecting that 
its calculation is independent of age. There was good 
agreement with the BTS/ARTP for all variables with the 
following exceptions; 
o Laboratory 15 was clearly not using the BTS/ARTP 
predicted equations as only 4% of values were consistent. 
. Laboratories 9, 10 and 17 produced incorrect results 
for the subjects under 25. Laboratories 9 and 17 simply 
used the given age and did not round up to 25 as 
recommended. 
. Laboratory 4 gave incorrect results for female subjects 
for PEF, FRC, RV, and TLCO. 
o Just under half of the laboratories correctly estimated 
KCO, with a significant number (eight) still using the old 
ECCS equation rather than TLCOITLC. 
For the Asian subject (I), there was good agreement with 
the BTS/ARTP result (without ethnic correction). This was 
surprising considering eight laboratories claimed to be 
using ethnic correction. On examination of the results, only 
one centre was actually applying the 10% correction. 
The continuing variability in predicted values obtained 
from hypothetical data implies that different calculations 
were employed by laboratories claiming to be using the 
same reference values. 
Many centres were not able to produce copies of the 
predictive equations used, either from handbooks supplied 
with the equipment or on the computer screen. Of those 
that did, the equations shown were not always the ones 
employed in the calculations. It may be that as these 
processes have become increasingly automated there has 
been a corresponding decrease in the understanding of the 
basic principles behind the tests employed. 
PREDICTED RESULTS FROM THREE HEALTHY 
SUBJECTS (FIGS 2, 3 AND 4) 
The predicted values for our three healthy subjects did 
not fit a normal distribution and were analysed using 
Friedman’s two-way analysis of variance (ANOVA) by 
ranks. This tests the null hypothesis that the laboratories 
have been drawn from the same population. For this 
analysis a P value CO.05 suggests significant variation 
between laboratories. Significant differences persisted for all 
variables except RV (PzO.11) and FVC (P=O.O66). 
A strict comparison between results from 1995 and 1991 
could not be made due to differing prevailing conditions, 
e.g. age of subjects. However, the spread of results in the 
two audits was compared using the coefficient of variation 
(CV) as defined by semi-interquartile range/median. Also 
known as the relative spread, this has the same properties 
as the more conventional so/mean but is applicable to 
non-parametric data. 
Decreases in inter-laboratory variation were seen with 
respect to all predicted lung volumes for all subjects, except 
VC for subject C. All values were 3% or less for all subjects 
(Fig. 2). These improvements are probably due to wider 
adoption of the BTS/ARTP guidelines although the data on 
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TABLE 3. Analysis of known gas mixtures by percentage for 14 departments 
Cylinder gas concentration 
Median of 14 departments (SIQR) 
Coefficient of variation 
Carbon monoxide 
0.299% 
0.302% (0.01) 
1.7% 
Helium 
9.95% 
9.87 (0.1) 
1.0% 
RV TLC KC0 
Lung function parameter 
FIG. 1. Predicted values for hypothetical subjects. (0) subject c; (W) subject d; @) subject e; (D) subject f; (0) subject g; 
(a) subject h; (0) subject I. 
the hypothetical subjects raises some questions about 
this. 
Coefficients of variation for predicted spirometry and gas 
transfer were all below 5% except for KC0 (Figs 3 and 4). 
Variation in KC0 was greater than in 1991 and has by far 
the highest CV in both audits. The differences in the 
formula employed, as highlighted above, may explain this. 
There was little change in the spread of most of the 
results compared with 1991. However, the CV was reduced 
for FEV, for all three subjects and FVC for two subjects. 
The CV was relatively high for PEF (5.S-6.6%) (Fig. 6). 
Improved height measuring accuracy may improve 
inter-laboratory consistency still further. 
., : 
All lung volume variables had a CV less than 5.3%, 
except for RV for all subjects and FRC for subject B (Fig. 
5). This variability is only just greater than the variability 
seen in the equipment testing suggesting that inherent 
differences in this equipment are the main sources of 
inter-laboratory variability when measuring lung volumes. 
MEASURED RESULTS FOR-THREE HEALTHY 
SUBJECTS (FIGS 5, 6 AND 7) 
Results for lung volumes were excluded from two centres 
due to technical difficulties on the day of testing. In one case 
the volume readings failed to stabilize suggesting a leak in 
the circuit. In the other, consistently low readings were 
achieved which were obviously incorrect and the fault could 
not be identified or rectified at the time. In both cases,the 
technician stated that these results would not have been 
accepted. 
As with the predicted results, the values obtained for the 
measured pulmonary function tests on our three subjects 
did not follow a normal distribution and were therefore 
analysed similarly. 
Gas transfer measurements continued to show marked 
variation (Fig. 7). Previous studies have shown better intra- 
and inter-laboratory consistency for spirometric measure- 
ments compared with gas transfer measurements, reflecting 
the complexity of the respective tests (8-10,12). For the 
measurement of gas transfer, three areas of variability in 
addition to physiological variation have been identified: (1) 
test technique; (2) errors in gas analysis and (3) computa- 
tion algorithms (7). Moris and Crapo identified computer 
algorithms as responsible for 41% of the variation in values 
obtained for KC0 (13). All but one department appeared to 
be using the same calculation; 
Kco,j3.6 1% (Co bl x He [el> 
t (Co[e] x He[i]) 
Significant differences remain between laboratories for Gas analysis was reasonably consistent, therefore test 
each of the measured lung function variables with the technique and normal biological differences were respon- 
exception of FRC (P=O.18): sible for the majority of the variation. 
lYY1 lYY3 
FIG. 2. Coefficients of variation for predicted lung volumes. 
(A-), FRC (A); (a-), TLC (A); (-A--), RV (A); 
(a-), VC (A); (- -0 - -), FRC (B); (- -u - -), TLC (B); 
(- -A - -), RV (B); (- - 0 - -), VC (B); (- - - - - 0 - - - - -)3 
FRC (C); (-----II-----), TLC(C); (-----A-----); 
RV (C); (-----o-----), VC (C). 
Discussion 
Lung function testing is an integral part of the clinical 
assessment of pulmonary disease. To detect significant 
pathological variation in patients we must first minimize 
error due to measurement, calculation and methodological 
differences. 
Encouragement can be taken from the improvement in 
inter-laboratory consistency seen in selected areas. The 
majority of results have coefficients of variation less than 
5% reflecting a high degree of comparability between the 
majority of laboratories. 
Overall, there is less variation in the predicted results 
compared with the actual results, This may be expected as 
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FIG. 3. Coefficients of variation for predicted spirometry. 
(--o-), PEF (A); (--fi-), FEV, (A); (-A-), FVC (A); 
(- - 0 - -), PEF (B); (- - 17 - -); FEV, (B); (- - A - -); FVC 
(B); (- - - _ _ 0 _ - - _ -), pJ-$ (C); (- - - _ -a _ - - - -)> 
FEV,(C);(-----A-----);FVC(C). 
there are less variables involved in the generation of the 
former. Room for improvement remains. Continuing 
sources of inconsistency include: 
for predicted results: 
. Differences in reference equations employed under the 
title of BTS/ARTP reference equations 
. Failure to round up subjects age 18-25 to 25 before 
applying to algorithms 
. Inconsistent use of ethnic correction 
. Inaccurate height measurement 
. Lack of guidance on reference values to be used for 
children 
in measured results: 
. Intra-subject variation (effort, technique and physiologi- 
cal variation) 
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FIG. 4. Coefficients of variation for predicted gas transfer. 
(-o-), TLC0 (A); (-A-), KC0 (A); (- - 0 - -), TLC0 
(B);(--A--),KCO(B);(-----0-----), nCO(C); 
(-----A-----),KCO(C). 
l Intrinsic equipment differences (i.e. make and model) 
l Differences in prevailing atmospheric conditions (correc- 
tions for BTPS used inconsistently and other possible 
influences, e.g. air quality) 
l Differences in computer algorithms 
l Differences in procedure (e.g. the use of nose clips, 
resting the patients sufficiently before or in between tests) 
l Failure to identify equipment errors (e.g. insufficient 
calibration and servicing of machines) 
Many of the areas defined as sources of error in the 1991 
audit have been improved but reinforcement of standard 
methodology should result in more uniform practice. 
Physiological variation will always confound audits using 
human subjects Posture, relationship to meals, environ- 
16 
6 
lYY1 lYY5 
FIG. 5. Coefficients of variation for measured lung volumes. 
(4-l FRC (A); (a-), TLC (A); (-A-), RV (A); 
(d-), VC (A); (- - V - -), FRC (B); (- - 0 - -), TLC (B); 
(- - A - -), RV (B); (- - 0 - -), VC (B); (- - - - - 0 - - - - -), 
FRC (C); (-----El-----), TLC(C); (-----A-----), 
RV(C);(-----o-----),VC(C). 
mental factors, circadian and diurnal variations and endo- 
crinological factors can all cause minor variation (14). The 
use of .a decompression device to standardize expiratory 
manoeuvres may combat some of these difficulties. 
The implications of intra- and inter-laboratory inconsist- 
encies are wide ranging and may have a deleterious effect on 
individual patient management. Incorrect diagnosis may 
lead to anxiety, unnecessary further investigations and in 
some cases erroneous treatment with potentially harmful 
drugs. In patients with established diagnoses, progression 
and response to treatment is often monitored by repeated 
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FIG. 6. Coefficients of variation for measured spirometry 
(a-1, PEF (A); (4-), FEV, (A); (--n-l FVC (A) 
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1 
pulmonary function tests. In patients with interstitial lung 
disease small differences in results may have profound 
effects on treatment decisions. 
This audit examines differences between laboratories and 
it is difficult to draw conclusions about how such variations 
may influence the management of individual patients, most 
of whom will be diagnosed, treated and followed up at the 
same hospital. However, ongoing audit identifies sources of 
error and aids quality control. 
Inter-laboratory consistency becomes more important 
when patients are referred to tertiary centres for further 
management. Research, particularly multi-centre studies, 
requires both precision and comparability between different 
centres in order to produce meaningful conclusions. 
9 
4 
7; 
61 
1 
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1991 1995 
FIG. 7. Coefficients of variation for measured gas trans- 
fer. (a-), TLC0 (A); (-A-), KC0 (A); (- - 0 - -), 
TLC0 (B); (- - n - -), KC0 (B); (- - - - - 0 - - - - -), 
TLC0 (C); (-----A-----), KC0 (C). 
Recommendations 
A continuing audit programme involving all 22 laboratories 
would be time consuming. We recommend: 
1. Repeating the audit every two to four years, preferably 
using permanent staff as subjects. 
2. Regular (e.g. weekly) intra-laboratory testing of a 
healthy member of staff to identify errors early. 
3. Regular circulation of demographic data for hypotheti- 
cal subjects, with approved BTS results to detect 
anomalies in predictive equations. 
4. Production and circulation of clear guidelines on refer- 
ence sources for children. 
5. An easily accessible procedure manual with clear 
instructions, including reference value equations and 
sources. 
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6. Designation of a member of staff to be responsible for 
quality assurance. 
7. Regular meetings to discuss audit findings and imple- 
mentation of improvements. 
8. Closer communication between laboratories, equip- 
ment manufacturers and information technology 
departments to identify continuing computer algorithm 
differences and inconsistent use of correction factors 
(e.g. BTPS and ethnic correction). 
9. Improved laboratory personnel training in conjunction 
with manufacturers in view of the high proportion of 
staff who claimed to have received no specific training 
on the equipment that they were using. 
10. A clearly set out preventative maintenance schedule 
and record including calibration guidelines. 
Finally, it must be remembered that standardization is 
not synonymous with truth and that pulmonary function 
tests must continue to be interpreted with reference to the 
clinical picture. 
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